Giardia has 189 Nek kinases whereas humans have only 11. We previously identified Nek8445 11 as a potential drug target due to susceptibility to a specific class of kinase inhibitors and 12 essential function in parasite proliferation and attachment. Giardia has a complex tubulin 13 cytoskeleton that includes eight flagella and several unique microtubule arrays that are utilized 14 for parasite attachment and facilitation of rapid mitosis and cytokinesis. The need to regulate 15 these structures may explain the parallel expansion in the number of Nek family kinases. Here 16 we use live and fixed cell imaging to uncover the role of Nek8445 in regulating Giardia cell 17 division. We demonstrate that Nek8445 localization is cell cycle regulated and this kinase has a 18 role in regulating overall microtubule organization. Nek8445 depletion results in short flagella, 19 aberrant ventral disc organization, loss of the axostyle (funis), defective flagella exit and altered 20 cell shape. The flagella exit defect is specific to the caudal flagella, which exit from the posterior 21 of the cell, and this defect correlates with rounding of the cell posterior and loss of the axostyle.
Introduction

27
The protozoan parasite Giardia lamblia (synonymous with G. intestinalis and G. 28 duodenalis) infects more than 200 million people each year. The divergence of parasite protein 7 and cuvettes were chilled on ice. Lyophilized morpholinos listed in Table S1 (Gene Tools, LLC, 156 Philomath, OR) were resuspended in sterile water and 30 μL of a 100 mM morpholino stock was 157 added to 300 μL of cells in a 4 mm cuvette. We used Gene Tools, LLC standard morpholino as a 158 negative control. Cells were electroporated (375V, 1000 μF, 750 Ohms, GenePulser Xcell, Bio-159 Rad, Hercules, CA) and returned to growth media. See (22) for a detailed protocol. 196 however, since there was an abnormal number of flagella and nuclei, it was not clear if the 197 observed cytokinesis defects were a secondary result of cellular disorganization. We recently 198 developed methods for long-term 4D DIC time-lapse imaging to follow Giardia trophozoites 199 through the cell cycle (Hardin et al., 2017) . We sought to film Nek8445 depleted cells 200 undergoing cytokinesis to test for changes in the timing of events and gain insight into the 201 underlying defect that leads to failed cytokinesis. We initially examined Nek8445 depleted cells 202 from 20 -26 h after morpholino treatment as in our previous study of Giardia cytokinesis.
203
However, the majority of these cells had already failed cytokinesis or were abnormally 204 organized (not shown). Therefore, we decided to examine cells from 8 -14 h after knockdown 205 as most cells at this time point displayed typical organization as assessed by DIC imaging.
9
Western blotting indicated that morpholino treatment had reduced Nek8445 levels by 41% at the 207 midpoint of the experiment (12 hours or ~1.5 cell cycles after morpholino treatment; Figure 2A ).
208
Upon initiation of cytokinesis the cleavage furrow often failed to progress ( Figure 2B , Video S1).
209
Under our assay conditions, approximately 89% of control cells completed cytokinesis within 210 two minutes as previously reported (Hardin et al., 2017) . In contrast, only 13% of Nek8445 211 depleted cells completed cytokinesis within two minutes. Additionally, 48% of Nek8445 depleted 212 cells never completed cytokinesis compared to just 4.5% non-completion observed for the 213 control cells ( Figure 2C ). Remarkably, this cell division defect is stronger than the phenotype of 214 any cytoskeleton or membrane trafficking component previously studied (Hardin et al., 2017) , 215 suggesting a central regulatory role for Nek8445 in coordinating cytokinesis.
216
Nek8445 localization is cell cycle regulated
217
We previously reported that Nek8445-3HA localized to the plasma membrane and perinuclear 218 ER in interphase cells (Hennessey et al., 2016) . Many cell cycle regulated proteins, including 219 NEK kinases, change their localization during mitosis (Smith et al., 2012) . To follow Nek8445 220 localization throughout the cell cycle in live cells, the C-terminus of Nek8445 was tagged with 221 the green fluorescent protein, mNeonGreen (Shaner et al., 2013) , generating Nek8445-222 mNeonGreen (Nek8445-mNG). This construct was integrated into the genome to ensure 223 endogenous expression levels (Gourguechon and Cande, 2011) . In Nek8445-mNG interphase 
235
We previously established that membrane trafficking is required to support furrow 236 progression in Giardia (Hardin et al., 2017) . The block in furrow progression resulting from 237 Brefeldin A treatment is similar to the defects in cytokinesis observed when Nek8445 is depleted 238 Figure 2B (Hardin et al., 2017) . Therefore, we asked if Nek8445 and Rab11 might have a 239 functional relationship. Co-localization of HA-Rab11 with Nek8445-mNG revealed that while 240 both proteins translocate from the plasma membrane to the intracytoplasmic axonemes during 241 mitosis and cytokinesis, they were rarely seen to be on intracytoplasmic axonemes at the same 242 time ( Figure S1 ). Therefore, it is unlikely that Nek8445 is regulating membrane trafficking 243 associated with furrowing. Instead, Nek8445 may have a role in regulating axoneme function, 244 which is required for force generation during cytokinesis (Hardin et al., 2017) .
245
Nek8445 depleted cells have short flagella and lack median bodies
246
The microtubule cytoskeleton plays a major role in establishing Giardia's unique shape and in 247 generating forces for driving cells apart during cytokinesis (Hardin et al., 2017) . Defects in 248 microtubule regulation could account for defects in cell division. Therefore, we examined tubulin 249 staining in Nek8445 depleted cells ( Figure 4A ). We observed that ~35% (n>300) of the Nek8445 250 depleted cells had short flagella and either round or oval-shaped cell bodies ( Figure 4A and 4B).
251
We also noticed that the axonemes of Nek8445 depleted cells appeared to stain more crisply 252 while ventral disc staining was often reduced. The immunofluorescence localization was 253 performed with the anti-acetylated α-tubulin antibody 6-11B-1 which is known to recognizes K40 254 acetylation and stain all known microtubule based structures in Giardia (Nohynkova et al., 2006;  255 Halpern et al., 2017) . The altered staining suggested that either the acetylation levels or 256 microtubule array organization have been perturbed by Nek8445 depletion. Microtubule 257 acetylation is thought to soften microtubules so that they are more flexible and able to resist 258 11 mechanical stress (reviewed in (Janke and Montagnac, 2017)). Notably, human Nek3 has been 259 shown to regulate tubulin acetylation levels (Chang et al., 2009 ). Therefore, we questioned 260 whether Nek8445 has a role in regulating tubulin acetylation which could account for the 261 observed defects in cell shape and microtubule-based processes.
262
To differentiate between changes in acetylation or overall microtubule organization, we 263 co-stained cells with the anti-α-tubulin antibody DM1A and the anti-acetylated α-tubulin antibody 264 6-11B-1. Total α-tubulin and acetylated tubulin localization appeared qualitatively similar in 265 Nek8445 knockdown cells ( Figure 4A ), suggesting that microtubule organization was altered.
266
Both antibodies stained nodes of tubulin at the tips of flagella in the Nek8445 knockdown cells 267 suggesting a defect in flagella length homeostasis. Additionally, approximately 15% of the 268 knockdown cells had both short flagella and a rounded cell shape. We noticed that these small 269 cells lacked median bodies. Upon quantitation, we found that 46.8% (n=158) of all Nek8445 
277
Nek8445 depleted cells have defective ventral disc organization 278
We previously reported that Nek8445 depleted cells were defective in their ability to attach to 279 the sidewalls of culture tubes (Hennessey et al., 2016) . Attachment is largely attributed to the 280 microtubule-based suction cup-like organelle known as the ventral adhesive disc (Dawson and 281 Nosala, 2017) . Since the ventral disc failed to stain with tubulin antibodies in many of the 282 Nek8445 depleted cells, we examined localization of the ventral disc marker δ-giardin to verify 283 that a ventral disc was still present (Jenkins et al., 2009; Halpern et al., 2017) . We did not find 12 any cells lacking δ-giardin staining, indicating that the ventral disc was present ( Figure 5 ).
285
However, we observed abnormal disc organization that correlated with abnormal cell shape and 286 flagella length. Of the Nek8445 depleted cells that had short flagella and, therefore, had an 287 impactful depletion of Nek8445, we observed that 38% of these cells had altered disc are long enough to exit the cell body; therefore, the failure to exit cannot simply be attributed to 331 length. What is unique about the caudal flagella is that they make the longest run through the 332 cell body and they are sandwiched between the two halves of the funis (see Figure 1 ). Our initial are not able to orient the daughter disks in opposition to each other (Fig 2 and Video S1).
363
Knockdown cells with short flagella would additionally be unable to generate the normal amount 364 of propulsion to drive daughter cells apart. An additional compounding factor is that Nek8445 365 depleted cells were frequently observed without median bodies. The lack of median bodies is an 
382
The caudal flagella exit defect provided a unique opportunity to probe the mechanism of 383 exit site specification/flagella pore formation in Giardia. ESP8855 marks flagella exit sites. When
384
Nek8445 was depleted, cells with extremely short flagella were observed to lack ESP8855 385 staining at the posterior apex of the cell, which is where the caudal flagella normally exit. This is 386 consistent with axoneme contact with the plasma membrane being the specifier for exit 387 site/flagella pore complex formation rather than the axoneme being targeted to a pre-determined position on the membrane. Aberrant flagella exiting, as seen in Figure 6A , suggests 389 a role for Nek8445 in regulating exit site specification; however, since only the caudal flagella 390 were seen to have this defect it seems likely this is a secondary defect. The caudal flagella 391 make the longest run through the cell body and are unique in their association with the axostyle 392 or funis, a ribbon of microtubules that runs along the length the intracytoplasmic axoneme of 393 each caudal flagellum (Benchimol et al., 2004) . The ribbon originates near the basal bodies and 394 as it progresses toward the posterior, individual microtubules splay out to form rib like structures 395 that match the shape of the cell (Figure 1, 8) (Benchimol et al., 2004) . A defect in flagella 396 guidance could lead to defects in specifying the exit site if for example the flagella must remain 397 in place for the flagella exit site to be assembled. Indeed, the flagella exit defect was specifically 398 associated with rounded Nek8445 depleted cells which we found also lack funis microtubules 399 ( Fig 8) . This suggests that the funis is a scaffold for guiding caudal flagella exit. The authors of 400 ultrastructure studies have suggested axostyles play a role in organizing cell shape (Benchimol 
406
For an otherwise minimalistic parasite, the hugely expanded family of Nek kinases is 407 intriguing. Giardia has 189 members compared with just one non-essential Nek Kinase in yeast, 408 seven in Arabidopsis, and 11 in humans. Each of the three Giardia Nek kinases that have been 409 studied appear to regulate different cellular processes. Depletion studies for GlNek1 and 410 GlNek2 were not performed so whether they are required for cell division remains to be 411 determined. However, localization studies did reveal that these proteins re-localized during 412 mitosis and therefore they likely regulate the microtubule cytoskeleton in a cell cycle dependent 413 manner (Smith et al., 2012) . Giardia lacks the Anaphase Promoting Complex (APC) 414 (Gourguechon et al., 2013) , which normally regulates cell cycle events through proteolytic 415 degradation. It has been speculated that kinases could play an expanded role in regulating cell 416 cycle related process in Giardia (Gourguechon et al., 2013) ; the expanded Nek kinase family 417 potentially fills this role. Future studies aimed at identifying pathways regulated by additional
418
Nek kinases will be needed to further support this hypothesis. Given the total number of Nek 419 kinases in Giardia, we would have anticipated each kinase to have a limited role in cytoskeletal 420 regulation, yet Nek8445 depletion disrupts nearly every known microtubule structure in Giardia.
421
We speculate that this is because Nek8445 regulates a key microtubule binding protein.
422
Therefore, it will be interesting to identify Nek8445 phosphorylation targets to gain insight into 423 microtubule array regulation in Giardia.
424
Whether many other Nek kinases play as critical a role as Nek8445 in cell division and 425 microtubule array biogenesis remains to be determined, but the presence of a small gatekeeper 426 residue in Nek8445 makes this protein kinase a particularly attractive drug target as this 427 structural feature renders this kinase sensitive to bumped kinase inhibitors. Importantly, we 428 have already shown this class of inhibitor is effective at killing parasites resistant to 429 metronidazole (Hennessey et al., 2016) , the frontline treatment for giardiasis.
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